Abstract. As an ejecta curtain advances through an atmosphere, it creates a vortex ring. By analogy with smoke rings, the curtain-driven vortex ring develops instabilities that result in waves. The number of these waves depends upon the aspect ratio of the vortex ring (i.e., the ratio of the core vortex radius to the vortex radius) and the Reynolds number (or strength) of the flow in the vortex ring. In laboratory experiments the number of sinuous features at the edges of contiguous ejecta ramparts is consistent with the theoretical expectations for the origin of waves created in a curtain-driven vortex ring. Observing the formation of these sinuous features provides direct evidence that they indeed result from instabilities in the curtain-driven vortex ring. Scaling relations for curtain velocity, curtain size, and time of crater formation permit testing whether or not such instabilities explain the lobateness or sinuosity of distal ejecta facies at broad scales on planets with atmospheres. Scaling relationships predict that the number of flow lobes observed for craters on both Venus and Mars should increase with increasing transient crater radius to the three-fourths power, a prediction that is consistent with observation. Consequently, the curtain-driven vortex may play an important role in controlling the morphology of ejecta on planets with atmospheres. Variations in the number of flow lobes for a given crater size probably reflect different impact conditions either in target properties (grain size, volatile content) and/or ambient atmospheric conditions. (Figure 2) . At laboratory scales this curtain-driven vortex ring entrains, carries, and deposits fine-grained ejecta that are decelerated and removed out of the ejecta curtain by the impinging atmosphere. Such a mechanism can generate more than one contiguous rampart or lobate structure at the distal edge of an ejecta facies by depositing coarser ejecta first and finer ejecta later, when the entrained ejecta possesses a bimodal distribution [Schultz, 1992a] . Estimates of the wind strengths generated in the curtain-driven vortex ring indicate that it can entrain significant amounts of ejecta at planetary scales. Consequently, it is likely to play an important role in generating contiguous ramparts and lobate fluidized ejecta flows on the planets [Schultz and Gault, 1982; Schultz, 1992a; Bamouin-Jha and Schultz, 1996].
volatiles, although she could not rule out differences in ejecta lobateness as resulting from atmospheric interactions with the ejecta during the impact process. It should be pointed out, however, that multiple lobe morphologies are more rapidly destroyed (eroded or buried) at high latitudes and that Viking imaging is much more susceptible to atmospheric degradation of resolution [Schultz, 1992a] . Ching et al. [1993] analyzed the fractal dimension of contiguous rampart of Martian impact craters in order to assess the nature and origin of sinuous fluidized ejecta facies. They found that the contiguous ramparts possess a fractal nature that could result from a highly nonlinear process such as turbulence produced by atmospheric interactions [Ching et al., 1993] . Their preliminary analysis found no correlation between the fractal dimension and target properties (inferred grain size and/or volatile content), crater size, or atmospheric pressure [Ching et al., 1993] . Their study, however, did not have a physical model to assess the effects of such variables.
The present study assesses the possibility that instabilities created in a curtain-generated vortex ring might provide a physical basis for understanding the lobateness of ejecta deposits from laboratory to planetary scales. Previous theoretical analyses confirmed by experiments show that the number of instabilities or waves produced in a smoke or vortex ring analogous to an ejecta curtain-driven vortex ring depends upon (1) the aspect ratio of the vortex ring (i.e., the ratio of the core vortex radius to the vortex radius) [Widnall et al., 1974; Widnall and Tsai, 1977] and (2) the Reynolds number of the flow in the vortex ring [Saffman, 1978] . This Reynolds number is a function of the atmospheric viscosity and density and the flow strength in the vortex ring. The aspect ratio and flow strength of the curtain-driven vortex ring can be estimated from labo- Figure 2 . Schematic of flow separation at the top edge of an outward moving ejecta curtain resulting in a ring vortex which moves down and outward along the target surface after the curtain and vortex cease to interact. It is proposed that instabilities in this vortex ring generate waves that are responsible for sinuous ejecta flow lobes and contiguous rampart at laboratory scales with implications at planetary scales. Variables used in the theoretical models are indicated (see notation section). ratory impacts during which sinuous ejecta facies are observed to form from breakouts along the front of the ring [Schultz, 1992a] . These impact experiments therefore allow testing whether or not the physics that controls the formation of waves in a smoke ring also controls the number of sinuous features or flow lobes formed at the distal edge of the fluidized ejecta. Appropriate scaling relationships for curtain velocity, curtain . length, and time of crater formation permit extending to largescale impacts the relationship between the number of instabilities in a vortex ring, its aspect ratio, and its Reynolds number. The possibility that such instabilities also control the number of sinuous features or lobes observed on Mars and Venus thus can be tested. Unlike previous studies which defined sinousity or 1obateness as the degree of variation from a perfect circle [Johansen, 1979; Kargel, 1989; Barlow, 1994] , this study defines lobateness as the number of flow lobes observed in the ejecta facies of a crater corrected for a full circle.
Theory
Several factors control the number of instabilities and hence waves created in a smoke ring. These factors need to be established in order to test whether or not the physics controlling the formation of waves in smoke rings also controls the origin of ½j½cta sinuosity generated by a curtain-driven vortex ring. For this purpose, we first discuss the mechanism by which these instabilities grow waves on a smoke ring. We illustrate how these mechanisms operate in the curtain-driven vortex, thereby deriving the overall behavior of the vortex through time. Then, the impact variables controlling the number of waves generated in the curtain-derived vortex ring can be derived.
Many experimental studies have shown how a vortex ring moving through a fluid (generated by a piston pushing fluid through an aperture) develops instabilities which grow into waves around its circumference [Kri•tzsch, 1939; l/l•dnall and Sullivan, 1973; Maxworthy, 1972 Maxworthy, , 1974 . Such instabilities result from small differences in the axial flow of the vortex ring that lead to small sinusoidal features. These features cannot be detected in a single linear vortex. However, flow generated at one end of a vortex ring acts on the other. Plane strains created by this flow normal to the axis of the vortex ring intensify any perturbations, thereby creating the observed waves [Widnall et al., 1974; Moore and Saffman, 1975; Tsai and 145dnall, 1976] . Waves in the apparently laminar vortex result in either turbulence [Maxworthy, 1977; Widnall and Sullivan, 1973] or catastrophic disruption [lgqdnall and Sullivan, 1973] once the waves exceed a finite size relative to the toroidal radius R of the vortex ring. When the vortex becomes turbulent, the fluctuations due to the instabilities are suppressed; consequently, the vortex core becomes only slightly contorted [Maxworthy, 1977] .
Impact experiments indicate that the flow in the curtaindriven vortex ring is turbulent after the curtain stops affecting the flow in the vortex (see Barnouin-Jha and Schultz [1996] Gault, 1979, 1982; Schultz, 1992a, b] show that the curtain-driven vortex ring and its disintegration control the formation of contiguous ramparts and flow lobes, respectively. Such observations using highspeed films indicate that the curtain-driven vortex grows fluidejecta wave-like mixtures that produce ejecta flow lobes at high ambient atmospheric pressures [Schultz, 1992a] .
If the mechanism that creates instabilities in a curtain-driven vortex ring is analogous to those known to operate on smoke rings, then the entrainment and emplacement of ejecta by curtain-driven winds occur in five stages. First, the advancing ejecta curtain flow separates the surrounding atmosphere to generate a vortex ring that winnows ejecta out of the curtain. [Schultz, 1992a] . Fifth, the vortex ring at low atmospheric pressures (low carrying capacity) deposits ejecta in a sinuous contiguous rampart that resemble the regrowing instabilities waves in the vortex. The vortex ring at high atmospheric pressures (high carrying capacity) deposits ejecta in flow lobes resulting from the more advanced stages of wave growth and disintegration (i.e., turbidity type flows [Schultz, 1992a, b] ) of the vortex. The increased run-out of ejecta facies of laboratory impacts and the increased sinuosity of the boundaries of the ejecta with increasing atmospheric pressure [Schultz, 1992a] are consistent with the above described mechanism for the origin of ejecta sinuosity and lobateness. It is important to emphasize that if this mechanism controls the sinuosity of observed ejecta facies, the sinuosity number is generated early before the vortex ring and ejecta curtain first decouple but after the curtain becomes permeable.
In order to test if the proposed mechanism is correct, we need to determine the parameters controlling the number of instabilities generated in a laminar piston-generated smoke ring. Because the impact-induced vortex ring is thin (i.e., the core radius, a, of the vortex ring is small compared to the radius of the toroidal vortex, R), we consider the instability mechanism only in thin smoke rings. Such vortices behave like a linear vortex in uniform plane strain [Widnall and Tsai, 1977; Saffman, 1978] . For a vortex ring, the plane strain arises from the flow field acting on the core of the ring. The wave number k defines the number of instabilities that grow in the vortex ring. The constant n = ka (i.e., the wave number k multiplied by the vortex core radius a) defines the condition for instability growth. This occurs when waves on the vortex filament possessing the same vorticity distribution do not rotate [Widnall et al., 1974; Widnall and Tsai, 1977; Saffman, 1978] . For a realistic vorticity profile in the vortex, Saffman [1978] shows that 2 K cr Re 1/2 Re = 4vt
(1)
where Re is the Reynolds number of the flow in the vortex ring, v is the kinematic viscosity, and t is the time from the start of the piston motion generating the vortex ring. The kinematic viscosity equals the ratio of the atmospheric viscosity p. to density p.
If R is the toroid radius of the vortex ring (see Figure 2) , the total number of waves N on the ring is then given by kR, which can be rewritten as [Widnall and Tsai, 1977] N= n(R/a)
The ratio R/a is the aspect ratio of the vortex ring. Upon substituting (1), this equation can be rewritten as Ncr Rel/2(R/a) 
We define the term N as the scaled wave number.
On the condition that the above mechanism controls formation of waves in a curtain-driven vortex ring, (7) indicates that the number of waves generated (and hence the lobateness number of the ejecta facies) will be a function of the aspect ratio of the vortex ring and the ratio of the inertial forces to viscous forces in the flow (i.e., the Reynolds of the flow). The number of waves therefore increases as the overall toroidal radius of the vortex ring grows with respect to the radius of its core. This is because more space is available along the circumference of the vortex ring to grow instabilities. Although there is some interplay between the toroidal vortex radius and the vortex core of the curtain-driven vortex ring (see equations (2) and (3)), the toroidal radius increases more rapidly than the core of the radius as a function of increasing transient crater.
As a result, the number of waves (and observed ejecta sinuosity) should increase with increasing crater size. If the strength or inertial forces of the flow increases with respect to the viscous forces in the vortex ring (i.e., Reynolds number increases), the sinuosity number also should increase. This result simply reflects that an increase in the intensity of the flow in vortex ring increases the number of instabilities that grow A fine-grained (25-80/•m) target is used to ensure that the curtain-driven vortex ring will entrain ejecta. During each impact, deposited ejecta generate sinuous facies boundaries whose lobe number N•, is easily counted. We define a lobe as any sinuous ejecta terminus resulting from the curtain-driven flow front. This definition does not include ejecta rays produced by clumps. Such rays are easily identified in high speed video images as a nondecelerated ballistic debris in front of the vortex front. They also often possess accumulations of ejecta clumps observed near the crater rim, and they do not possess the distinguishing smooth texture of vortex-derived contiguous ramparts and ejecta flows (Figure 4) . In order to compare N from impact possessing many rays versus those with less, we measure the wavelength of the ejecta sinuosity in radians for all craters analyzed and convert the resulting value to Ne (see The video also allows measurement of the position of the ejecta curtain and the time just prior to when the curtain becomes permeable. The time t when the curtain becomes permeable is defined by the time when significant flow passes through the entire curtain. The velocity U of the ejecta curtain is obtained by least squares fitting a power law (i.e., Z model [Maxwell, 1977] 
Planetary Scales

Formation of a Vortex Ring by Large-Scale Impacts
On Venus and Mars a vortex ring should form in spite of the effects of the shock-disturbed atmosphere from the early stage of energy partitioning. On Venus, the thick atmosphere confines the initial impact blast to a region about equal in size to the diameter of the crater [Schultz, 1992b; Schultz, 1995, 1996] . This blast region retains significant downrange momentum from the projectile because most projectiles impact at about 45 ø from the vertical. As a result, the blast region is displaced downrange and comes in contact only with a small portion of later excavated ejecta. This interaction usually occurs in a characteristic parabolic zone in which the ejecta and the condensed impact vapor melt cannot be easily distinguished [Schultz, 1992b; Schultz, 1995, 1996] . The rest of the ejecta curtain encounters ambient or slightly heated atmosphere.
The effects of the projectile's wake last longer on Venus than on Earth or Mars. However, these effects still remain short lived (of the order of a few seconds) when compared to the time it takes the bulk of the ejecta to excavate out of a crater (tens of seconds) [Schultz, 1992b] . As with the blast region, the dense Venus atmosphere also contains this wake region. Hence any potential wake effects should be confined uprange.
On Mars, calculations show that the atmospheric pressure returns to ambient conditions by the time of crater formation [Schultz, 1992a] , while the atmospheric temperature may be greater (and the density less) than ambient. Furthermore, the projectile of an oblique impact imparts momentum to the early time blast zone that translates it downrange well beyond the crater. The tenuous Martian atmosphere does not hinder the blast zone advance [Schultz, 1992a] . Therefore the ejecta curtain during the final stages of crater formation on Mars and Venus should traverse through atmosphere at near ambient conditions, i.e., within a factor of 2. Since debris fills the ejecta curtain over a considerable height and width, the lower portion of the ejecta curtain must be impermeable to the surrounding atmosphere, resulting in flow separation and vortex winds at its top.
Extending the Scaled Wave Number to Large Scales
The fundamental crater parameters that control the scaled wave of a vortex ring (i.e., the Reynolds number and the aspect ratio of the vortex ring) need to be extended in order to test the instability hypothesis to broad scales. Three crater parameters control the Reynolds number and the aspect ratio of the vortex ring: (1) the velocity of the ejecta curtain U, (2) the length of the impermeable portion of the ejecta curtain L, and (3) the time t when the curtain become permeable. To first order, these parameters depend on the precollapsed apparent transient crater radius R c (radius cutting preimpact surface) and the acceleration due to gravity #.
The velocity U is proportional to the excavation velocity of individual ejecta within the curtain which is given by [Schultz and Gault, 1979; Heusen et al., 1983] The physical parameters that control the impermeable curtain length L for ejecta traveling through an atmosphere are not well understood. One possible measure of this length is the ballistic range at which ejecta deposits eraplaced in a vacuum become discontinuous. Ejecta deposits become discontinuous from 2.7 to 2.4 crater radii for Mercury and 3.6 to 3. It should be noted that the kinematic viscosity of the vortex ring at broad scales differs from that at laborato• scales. At laborato• scales, ejecta entrainment does not significantly affect the kinematic viscosity in the vortex ring. At large scales, however, the large flow speeds and the long interaction times be•een an ejecta curtain and atmosphere relative to the time for entraining sand-sized ejecta ensure that significant amounts of ejecta get entrained into the curtain-driven vortex. The resulting kinematic viscosity in the vortex ring therefore should be redefined as an effective kinematic viscosity (Yell) for the fluid in the vortex whose mass per unit volume includes both the entrained ejecta and the ambient atmosphere [Marble, 1970] .
A Fair Test of the Theory on Mars and Venus
Before testing the relationship between N and R c at planetary scales, a database of representative ejecta facies must be chosen to minimize the other factors that influence N. Below, we discuss how these influencing factors are reduced by (1) minimizing changes in local acceleration due to gravity (!7), (2) minimizing changes in the effective kinematic viscosity (lJeff) of a curtain-driven vortex, (3) excluding craters and those portions of an ejecta facies where the theory does not apply, (4) ensuring that erosion or sedimentation do not significantly affect observed ejecta morphology, and (5) selecting craters where there is sufficient resolution to characterize the relevant ejecta facies. Once we identify our ejecta facies database for both Mars and Venus, we present our methodology for measuring N, including a discussion on the image resolution used. Then we discuss our comparison of N versus R c.
According to the instability hypothesis for lobe generation the lobe number N depends not only on R c but also on •,•ff and 17. A fair test of N as a function R c needs to minimize variations in 17. This is achieved by analyzing craters at nearly identical altitudes on Mars and Venus. This also reduces altitude effects on atmospheric conditions that directly affect the effective kinematic viscosity in the curtain-driven winds.
Other factors must be minimized that may influence changes in the effective kinematic viscosity of the curtain-generated winds. This requires ensuring nearly identical concentrations of ejecta in the vortex ring, which depends on the size distribution of fine-grained ejecta in the ejecta curtain, as well as on the flow speed in the curtain-driven vortex. Although the finegrained ejecta size distribution varies somewhat with crater size, the primary controlling factor is target lithology (the inherent flaws in the target material) for craters large enough to exhibit gravity-controlled growth [Schultz and Mendell, 1978] . Hence analyzing craters in similar target lithologies should minimize this first influencing factor.
The flow speed in the curtain-driven vortex increases with curtain velocity and hence with increasing crater size [Schultz and Gault, 1979] . This increase in curtain velocity will increase the total concentration of material entrained in the curtaindriven vortex ring, which in turn changes its effective kinematic viscosity. However, a factor of 2 increase in curtain velocity (for rim-to-rim crater diameters ranging from 2 to 30 km) results only in a 1.4 factor increase in the concentration of material entrained based on multiparticle drag relationships [Shook and Roco, 1991] . Hence, although the increase in velocity with crater size does influence the effective kinematic viscosity in the vortex ring, this influence remains small if the size of craters considered remains within an order of magnitude. Ideally, a fair test of the vortex instability hypothesis at broad scales requires that the effective kinematic viscosity in the ring vortex and hence atmospheric conditions remain constant over the time when the cratering record was established. Such a situation may have existed while craters were forming on Venus. Indeed, the deficiency of 4øAr in the Venus atmosphere relative to Earth's is consistent with the hypothesis that runaway greenhouse effects occurred early in Venus evolution [Donahue and Pollack, 1983] . As a result, the observed lobateness of Venus craters probably provides a good test of the instability hypothesis. For Mars, the variation of ambient atmospheric conditions through time is less certain [Owen, 1992] . When the wind speed exceeds the speed of sound, the atmosphere is by definition shocked, and the Reynolds number in the vortex ring is reduced. For such craters the measured lobateness should be less than that expected by (11), which holds for purely incompressible flow. Second, the ejecta curtain length cannot exceed an atmospheric scale height of 11 km on Mars and 16 km on Venus. For ejecta curtain lengths exceeding these heights, not only will shocks form, but also significantly less ejecta will be entrained in the vortex ring due to the lower ambient atmospheric density. As a result, the effective density of the flow in the vortex ring is reduced, 
N thereby further lowering its Reynolds number and the number of lobes expected.
In order to satisfy all the conditions described above for a fair testing of the instability hypothesis, this study analyzes sinousity of distal ejecta at Venus craters formed in the ridged plains ( Figure 6 and Tables 2 and 3). These plains are located at nearly identical altitudes planet-wide and most likely possess similar physical properties given that they are probably basaltic in nature. Furthermore, the craters of these plains probably formed in nearly identical ambient atmospheric conditions over time. This study avoids craters in the ridged plains that formed near large topographic features and focuses on the lobes perpendicular to the direction of impact to avoid uprange and downrange disturbances. Venus craters allow a particularly good test of the instability hypothesis because downrange interactions between early stage melt flows and late stage ejecta deposition are easily recognized. For example, oblique impacts (impact angle below 45 ø) produce a characteristic parabolic interference zone opening downrange from the impact (Figure 7) where early stage melt flows obscure or modify the numbers of lobes in the ejecta [Schultz, 1992b] . Such interaction zones therefore can easily be avoided. Venus craters with rim-to-rim diameters below 48 km are the primary focus of this study in order to avoid some of the supersonic flow and atmospheric scale height issues discussed above. This study also excludes Venus craters smaller than 10 km in rimto-rim diameter (or 3-4 km in transient crater radius). Such craters most likely result from small projectiles that breakup during entry through the Venus atmosphere [Melosh, 1981] and reach the Venus surface as a cluster [Phillips et al., 1991; Schultz, 1992b] . Consequently, the ejecta emplacement process will be modified and can no longer be described by the proposed instability hypothesis.
The freshest craters on ridged plains of Lunae Planum, Mars (e.g., Figure 8 and Table 4 ) also permit a fair test of the instability hypothesis. As for the Venus craters, the Lunae Planum craters form at nearly identical altitudes and possess nearly identical target conditions with one notably region of exception. Craters found in the northern and eastern portions of Lunae Planum probably impacted accumulated sedimentary deposits derived from outwash of channels at the eastern and northern boundary of the planum. The size range distribution of ejecta entrained by a curtain-driven vortex ring for impacts in these sedimentary regions will differ significantly from ejecta derived from basaltic plains elsewhere in Lunae Planum. Such settings would create two very different effective kinematic viscosities in the vortex ring flow, thereby weakening our test. These regions therefore are not included in our analysis.
As with Venus, this study does not consider Lunae Planum craters near large topographic features and focuses on craters (Table 5) . Nevertheless, when the number of lobes for these craters is simply extrapolated by correcting for the unmeasured sectors, the resulting lobe numbers seem to lie within the range of N observed for the freshest craters ( Figure  10) ; consequently, they do not bias the data in any particular manner. Sun direction is the other factor that can make identification of lobes difficult when analyzing the craters of Lunae Planum. Sectors of ejecta deposits with this problem are excluded.
Measuring Lobateness on Venus and Mars
When testing the theoretical relationship between N and R c on Venus and Mars, the sinuosity, lobateness or scaled wave number N is defined (as in the laboratory experiments) as the number of sinuous features protruding from the edge of the ejecta facies. This definition includes any wave-like feature ?Measured lobe number corrected to fit 360 ø circle. ?Measured lobe number corrected to fit 360 ø circle.
observed at the edge of distal ejecta facies where meaningful data are expected (as defined by the discussion in the previous section). High-resolution radar images (F-MIDRs) obtained by the Magellan spacecraft are used while analyzing Venus craters. These high-resolution F-MIDR images resolve 75-m features [Saunders et al., 1992] . The craters on the ridged plains possess both an inner radar bright ejecta facies, and an outer radar dark facies or margin [Phillips et al., 1991; Schultz, 1992a] . In these ejecta facies, radar brightness reflects surface roughness, with a bright return indicating a rough surface and a dark return indicating a smooth surface. The radar bright ejecta facies are consistent with coarser material first deposited by the outward moving ring vortex, while the radar dark facies represents the fine-grained material deposited later [Schultz, 1992a] . A corollary of the instability hypothesis for ejecta lobateness therefore is that both inner radar bright and outer radar dark ejecta mimic each other. When analyzing our crater database, N for both the inner radar bright and outer radar dark ejecta facies were counted. On Mars, sinuosity was measured only for the contiguous ramparts or outer flow lobes with a bordering rampart; these are most likely due to atmospheric interactions [Schultz and Gault, 1982; Schultz, 1992a] . Near-rim lobate flows were excluded in this study since they more likely are produced by ballistic-driven processes (see above discussion and Schultz [1992a]). The highest-resolution Viking images available were used to determine the number of lobes at craters investigated. Suitable craters for analysis were first chosen from 1:500 scale Viking mosaiced images, but lobe numbers were determined from the individual high-resolution Viking frames that compose these 1:500 Viking mosaics.
In order to compare N between different craters (i.e., between oblique and normal craters, or craters where some sectors of the ejecta are eroded or hidden by Sun angle), we measure the wavelength of ejecta sinuosity in radians for those sectors (as defined above) where meaningful data can be obtained. This wavelength is then converted to the scaled wave number N. Observational uncertainties in determining N are based on variations in estimates of N after several repeated measurements, at several different times. The resulting N is plotted against transient crater radius Re. In this study, R• equals one-third of the observed rim-to-rim diameter for complex craters and two-fifths of the observed rim-to-rim diameter for simple bowl-shaped craters.
Comparing Lobateness as a Function of Transient Crater Radius on Venus and Mars
The lobateness as a function of transient crater radius for ejecta on Venus is illustrated in Figure 11 . The observations follow closely the theoretical expectations for vortex ring instabilities generated by an advancing ejecta curtain. Equally consistent with this hypothesis is that many radar dark, outer ejecta facies for the freshest Venusian craters match the inner radar bright ejecta facies [Schultz, 1992b] (see Figure 11 and  Tables 2 and 3 The total number of flow lobes observed on Mars at a given crater size exceeds those seen on Venus (Figure 13a) . This difference in lobe number cannot be explained by including the effect of gravity between the two planets (Figure 13b) . This difference also cannot be explained by taking into account simply the difference in atmospheric properties between the two planets. Before attributing this difference to volatiles, for example, it is important to reconsider the controlling variables in the vortex model.
The ratio of the atmospheric absolute viscosity to density (i.e., v) for Venus is less than that for Mars. According to the scaled wave number theory for a vortex ring, such atmospheric properties should result in an increase in the lobe number on Venus versus Mars if particle entrainment in the vortex is not considered (Figure 13c) . Thus, upon first analysis the comparison between Mars and Venus seems to contradict our hypothesis that sinuosity depends on instabilities in a curtain-driven vortex ring. Calculations show, however, that the maximum ejecta size entrained on Venus should be very large and should affect most ejecta. As a corollary, the concentration of debri• entrained in the vortex ring on Venus should be essentially a maximum in contrast with Mars [Schultz, 1992a] . A curtaindriven vortex on Venus could have ejecta concentrations exceeding 10%. At these concentrations, particles in the vortex frequently collide, blocking the motion of both atmosphere and particles [Acrivos, 1993] . Consequently, the effective absolute and kinematic viscosity of the vortex increases significantly [Acrivos, 1993] , and the vortex will behave in a more laminar fashion (i.e., Re in the vortex drops). As a result, the ?Measured lobe number corrected to fit 360 ø circle.
number of lobes generated on Venus should be less than on Mars (Table 6 ). On Mars, entrainment of the solid ejecta particles also occurs, but the concentrations are sufficient only to increase the effective density of the fluid in vortex ring, not to cause the blocking effects that increase its absolute viscosity.
As a result, the fluid in the curtain-driven vortices on Mars is more turbulent than on Venus, thereby generating more instabilities and hence more lobes (Table 6 ). Particle concentrations of 10% or more are probably never achieved in curtain-driven vortices on Mars due to its low atmospheric density. The presence of volatiles in the curtain-driven vortex does not appear to significantly affect the lobateness of ejecta facies for the selected craters on Mars. This is indicated by the consistency in lobateness with crater size between Mars (where such volatiles could be present) and Venus (where such volatiles are not present). Most likely volatiles released by the impact process are not a significant contributor to lobateness because these are dispersed early in a rapidly expanding vapor cloud [Schultz, 1992a] 
Concluding Remarks
Experimental impacts in an atmosphere indicate that ejecta lobateness results from instabilities created in an atmospheric vortex ring generated by the advancing ejecta curtain. The number of lobes increases with vortex ring size scaled to its core radius and the square root of Reynolds number of the flow in the vortex ring. This Reynolds number equals the ratio of inertial to viscous forces and is defined as the flow strength or circulation multiplied by the ratio of the atmospheric density p to viscosity p• in the vortex. When appropriate scaling factors are applied to this scaled wave number at planetary scales, the 1obateness should vary with the transient crater radius to the 0.75 power, or, equivalently, the lobe wavelength should decrease with crater radius to the -0.25 power. By minimizing differences in the other contributing factors (i.e., 
